Abstract: We propose to use high-order diffraction spots from 2-D silicon nanowire (NW) arrays for refractive index sensing based on spatial changes in the diffractive spots position. The NW arrays act both as a refractive index sensor and as dispersive elements, eliminating the need for external spectrometers for the measurement of refractive index changes. The setup uses a simple laser diode source and a low-cost camera and results in higher sensitivity to environmental refractive index changes, as compared with previously demonstrated colorimetric sensors. The sensitivity is greater for higher order diffraction spots, as compared with the lower order ones due to a larger dispersion angle change at higher orders. We also demonstrate that the observed diffraction angle and efficiency of the diffractive orders depend on a number of factors, such as excitation wavelength, NW diameters, pitch, and surrounding medium index. The simple solution of using diffraction spot displacements on a 2-D detector array would provide a novel means of sensing refractive index changes in the surrounding medium of NWs without the burden of complicated spectral analysis.
Introduction
Structural features in the order of visible light wavelengths create many interesting light interactions with materials like thin-film and multilayer interferences [1] , [2] , light scattering due to diffraction gratings [3] - [5] , light trapping in photonic crystals [6] , plasmonic resonances [7] - [9] , and spectrally selective absorption, which generates colors in transmission or reflection [10] . These enhanced light-material interactions have been utilized in a variety of optical sensors. In such sensors, various modalities can be used to detect physical changes in the environment based on changes in the optical resonances. In one instance, the one/two dimensional (1-D/2-D) diffraction patterns have been used to study field-induced liquid crystal phase changes in a periodic manner for applications in areas such as multiplexing and processing optical signals in optical interconnects, beam steerers, and sensor array interrogation devices [4] , [5] . Pan et al. have proposed use of thermally grown ordered ZnO nanowire arrays as diffraction gratings for spectroscopy applications. While they propose such diffraction gratings for applications such as miniaturized integrated optical chips or simple beam dividers in CD players, they did not perform much analysis on the diffraction behavior of such periodic nanowire structures [11] . In other simple cases, diffraction based structural color generation is used to detect environmental changes around the sensor. Change of surrounding medium refractive index imposes different phase conditions and hence, generates a different color based on the amount of index change [12] , [13] , [16] . While this color change can be detected in RGB mode using a simple imaging sensor [15] , higher sensitivities can be reached by adding spectroscopic measurements [16] . Kumawat and Varma proposed a design which permits a differential, ratiometric measurement of the reflectance intensity change from 2-D diffraction patterns of periodic SiO 2 structures [17] . In that method, by looking solely at the intensity of the 0th and 1st order diffraction patterns, one can eliminate signal drifts from the sample flow cell. While the proposed method can create relatively accurate predictions in terms of refractive index change, the dynamic range of the detector offers a great limitation to this type of sensor especially where the 0th order tends to include the larger percentage of the reflected power. In a recent paper, we showed how simple colorimetric measurements on a two dimensional silicon nanowire (2-D SiNW) array can yield refractive index resolution of 10 −4 for refractive index sensing using colorimetric measurements while with spectral analysis one can increase the index resolution up to 10 −6 [16] . Similar to many other periodic structures, SiNWs arranged in 2-D periodic lattices act as 2-D diffraction gratings. As shown by Walia et al. [16] , the diffracted light from SiNW arrays would follow Bragg diffraction rules. The angular dispersion of these spots at a specific wavelength would depend on diameter and pitch of the NW as well as the refractive index of the medium surrounding them.
In this paper, we propose to image the higher order diffractive modes from 2-D arrays of SiNWs and increase the refractive index sensitivity while using simple cameras and no additional optical components. This would increase the refractive index sensing resolution of such sensors to the order of 10 −5 without the need for additional spectral analysis. Higher diffraction orders are more sensitive to refractive index changes and result in larger dispersion angles. Hence, they are suitable candidates to use in sensing applications. Due to the high index contrast between SiNWs and the surrounding medium, the modulation depth of such an array is high, which results in highly diffractive orders that can span to about an 80 degree angle from the normal to the substrate surface. Using a single wavelength source along with diffractive characteristics of the 2-D periodic structure, one can achieve high sensitivities without the need for complicated and expensive spectroscopic approaches. In fact, the 2-D grating acts as a standalone self-referenced dispersive spectrometer that performs refractive index sensing on its dispersive element in a simple and elegant manner. In order to optimize the proposed sensor, we also do experimental studies to first understand the diffraction patterns and efficiencies of the periodic nanowire arrays and its dependence on the various geometrical parameters like pitch, diameter and length. Then a sensor is proposed based on the studied characteristics. To our knowledge, such studies have not been performed for semiconductor nanowire arrays and this novel approach for combined sensing and spectroscopic measurements have been proposed for the first time. In the following, first the fabrication steps and sample details are discussed. Then, the diffraction patterns and efficiencies are calculated and measured for a fabricated sample. From these initial studies, a sensor design is proposed and discussed. The experiments confirm and validate the proposed sensor concept.
Fabrication and Sample Details
In order to perform diffraction pattern studies and compare with theoretical predictions, 2-D SiNW arrays, each 100 Â 100 m in cross-sectional area, were fabricated on a (100) silicon wafer using e-beam lithography and pseudo-Bosch inductively coupled plasma reactive ion dry etching (ICP-RIE). The fabrication steps have been previously described in detail [13] . The diameter and the length of the nanowires were 135 nm and 1 m respectively. Different values of pitch ranging from 600 nm to 1300 nm were fabricated. The arrays were separated by a distance of 1 mm so that each array could be individually measured. A 30-nm-thick Aluminum mask was used for etching and was kept intact after the etching as it increases the reflectance from the top of the nanowires, and hence, it improves the diffraction efficiency. Fig. 1 shows the top down and side views of the fabricated nanowire arrays showing good uniformity in diameter and pitch and vertical nature of the fabricated nanowires.
Diffraction Patterns and Efficiency Studies
As discussed earlier, 2-D periodic arrays of nanowires act as diffraction gratings based on the generalized Bragg diffraction formula given by the condition [14] ðn sin i AE n sin r ;ml
where n is the refractive index of the surrounding medium, i and r are the incident and diffracted angles, m and l are the order of diffraction, is the free space wavelength of the incident beam, and d x and d y are the spacing between the nanowires in the lateral direction. As can be seen from the equation, an mth order Bragg diffraction spot will exist if the spacing is larger than the wavelength. Assuming that the incoming beam hits the sample perpendicularly such that i is 0°, then the sensitivity of diffraction angle in one direction S x due to the change in surrounding medium refractive index would be given by
It is evident from the equation that sensitivity is increased by the order m. The negative sign indicates that as the surrounding medium refractive index increases, the diffraction angle decreases while allowing for higher diffraction orders to exist. Thus, higher order diffraction modes are of interest for increased sensitivity but they need to be excited at high efficiency to keep signal to noise ratio (SNR) at an acceptable level. To our knowledge, no studies for diffraction efficiencies have been done for 2-D SiNW arrays. In order to measure the diffraction pattern and the efficiency of the various modes, the measurements were done using a setup for which the schematic is shown in Fig. 2(a) . Light from a 633 nm laser diode is focused with a lens at normal incidence on a nanowire array. The beam spot of the lens is about 150 m in diameter completely covering a 100 m square array of SiNWs while not coinciding with the neighboring arrays. If the nanowire arrays are fabricated in a manner that they are far away from each other, there is no need for an external lens to focus down the beam. The various diffraction spots are imaged on a registration surface which has a hole in the center for the incidence beam to pass through. As the nanowires are on an opaque substrate, the reflected diffraction patterns are captured on this registration plane. The hole can be as small as two times the incident beam waste at which the power drops to 1=e 2 in order for it not to further diffract the incoming beam. The images on the registration surface are shown in Fig. 2(b) , the four 1st order diffraction spots can be seen for the pitch of 650 nm while the excitation wavelength is at 633 nm. Also as shown in Fig. 2(c) , 2nd and 3rd order spots appear for the pitch of 1300 nm at the same excitation wavelength. The curvature on the diffraction spots is due to the fact that the incoming field has a spherical wavefront from the focusing lens. The spherical wavefront causes a portion of the incident beam to be non-perpendicular on the sample and hence some of the diffracted power would be due to the oblique incident light. As a result, the reconstructed diffraction spots appear with spherical aberration and the spots would show a larger diffraction angle with larger beam size. This effect is clearly noticeable in 2nd and 3rd orders within Fig. 2(c) .
Diffraction patterns were simulated using a commercial rigorous coupled wave analysis (RCWA) module from Rsoft [18] . First, the reflection field from a single unit cell of the nanowire was calculated considering periodic boundary conditions on the arrays lateral plane. The bidirectional scattering distribution function (BSDF) of the structure was then calculated from the reflected electric fields. A finite Gaussian beam was passed through the BSDF database to produce the reflected and transmitted near-field information. The near-field data was used to calculate the far-field diffraction patterns of the 2-D SiNW structures which are plotted in Fig. 3 . As shown in this figure, the diffraction patterns match the experimental patterns. However, the diffraction spot intensity has a 2-D Sinc function pattern in the experimental case which is due to the fact that we are dealing with a limited rectangular periodic array instead of an infinite periodic array, which was considered in the simulation. Using a 633-nm collimated beam from a laser diode, we measured the diffracted beam efficiencies using a setup similar to the one shown in Fig. 2(a) . The nanowire sample was placed on a manual 3-axis stage where we could laterally move through different nanowire arrays. Instead of the registration plane, an integrated sphere photodiode power sensor from Thorlabs Inc. (SC140) was used to measure the diffracted power at each of the diffraction points coming off from the sample. In order to reduce the experimental error due to tilt of the sample, the power of all diffraction spots in each order was measured and then the average value was taken. To calculate the diffraction efficiency for each of the arrays, the ratio of averaged diffracted power in each order was taken with respect to the incident power. Fig. 4 plots the measured and calculated first and second order diffraction efficiencies for different pitches of the nanowire. Experimental results have smaller values as compared to the simulations due to the finite size of the arrays and the incident beam being slightly larger than the arrays. In addition, surface roughness on the structures which can be from the lift-off and etching processes contribute to further scattering and reduced diffraction efficiency. It should also be noted that there is a difference between the exact n and k values of SiNW in the experiments and the estimated n and k values in the simulations which can result in further discrepancies between the calculated and actual diffraction efficiencies. However in general, the variations in efficiency versus the pitch can be reproduced with the simulations. For the first order, the peak diffraction efficiency is achieved at a pitch of 650 nm and reduces with increasing pitch till a pitch of 1050 nm and then starts to increase again for another local maxima at a pitch of 1200 nm. The trends are also confirmed by the simulations. A peak diffraction efficiency of 3% per first-order diffraction spot was achieved experimentally for such design parameters. As it is evident from Fig. 3(b) at the wavelength of 633 nm, the second order diffraction does not exist for arrays with pitch less than 850 nm. Maximum 2nd order diffraction efficiency of 2.7% per diffraction spot is achieved experimentally for a pitch of 1100 nm. As it can be seen from the diffraction efficiency figures, the diffracted power is maximized in the 2nd order while the 1st order power is at its lower range. Simulations also confirmed that the aluminum mask remaining on top of the nanowires after the lift-off process, substantially increased the diffraction efficiency due to increased reflectivity from nanowire-air interface. Using the above mentioned considerations, one can optimize the diffraction efficiency for certain sensing medium at a given wavelength.
The above measurements were done when the nanowires were surrounded by air. In sensing applications, the nanowires will normally be surrounded by water based solutions. Thus, it is essential to see how the efficiency changes when the refractive index of the surrounding medium is changed from air. The diffraction efficiency for different values of pitch is plotted in Fig. 5 for refractive index of 1.33, which is close to that of water. As the refractive index of the surrounding medium is changed, higher diffraction orders start to appear at a lower pitch. In this case, the 2nd order starts to appear at a pitch of 700 nm and higher. Further, highest efficiency is now achieved for a shorter value of spacing. This is quite useful for our sensing applications where we intend to maximize the SNR on higher diffraction orders to achieve greater sensitivities. In addition, theses studies show how one can optimize further the diffraction efficiency for a given sensing medium using the combination of the pitch and diameter of the NW arrays.
Sensor Design Results and Discussions
The proposed setup which uses the 2-D SiNW array as a refractive index based sensor is shown in Fig. 6(a) . As the collimated single wavelength input beam hits the structure, it gets diffracted. For different surrounding media which have different refractive indices, the position of this spot would change on the imager. The change of position which correlates to the refractive index change is registered on the camera. Hence, one can associate parameters such as concentration and presence of biological agents to the changes in the diffracted spot position. As shown in Fig. 6(b) , the change in the diffraction spot position is dependent on both the divergence angle and the distance of the detector from the SiNW array (i.e., Áx % z). Similar to a spectrometer, as we move away from the grating structure and go higher in diffraction order, the resolution or sensitivity of the system improves while its efficiency drops. For example, an off the shelf web camera was tested which could detect up to 5 W of incident light at the highest exposure; considering the input laser to be eye safe (i.e., it's power being less than 1 mW), the diffraction efficiency per spot needs to be greater than 0.5% which is easily achievable. Fig. 7 shows the simulated diffraction patterns for the 700 nm pitch array at two different values of surrounding medium refractive indices of 1 and 1.33. It is evident that higher diffraction orders appear as the surrounding medium index is increased. When the surrounding medium is air, only the first-order diffraction is observed for the pitches less than 900 nm. However when the refractive index of the surrounding medium is increased, second-order diffraction modes appear for pitches 750 nm and larger. The third-order spots come to existence at pitches 1000 nm and larger. When the surrounding refractive index is increased, the diffraction spots start to converge inwards with respect to the 0th order. Sensing of refractive index can be achieved by measuring this change in position.
As an example, consider an array of SiNW with pitch of 1050 nm where up to third-order diffraction orders exist with surrounding medium refractive index of 1.33. Taking a horizontal cut through the center, one can get the intensity of the diffraction orders versus their respective normalized diffraction angle varying within the range of (−90, 90) degrees as shown in Fig. 8 for the first and third diffraction orders with two different refractive indices. For the 2nd diffraction order, the spot change was measured along a line that goes through the center at 45°. By measuring the divergence angle in each respective case, one can find the respective divergence angle change, , for the case the refractive index of the surrounding medium changes from 1.33 to 1.34. The results are summarized in Table 1 for the first and third order diffraction modes at pitch of 1050 nm. As shown in Table 1 , the divergence angle change for the second and third order is about two and five times larger than the divergence angle change for the first order, respectively. In most cases such as spectrometer designs, the grating structures are used up to their ±1 diffraction orders and the higher orders are always rejected or unwanted. Here, unlike spectrometers, we anticipate a greater sensitivity in these higher orders. Hence we propose to use the higher order diffraction orders as a means to achieve highly sensitive sensors as much as the efficiency and aberrations allow to achieve a reliable detection. In this study, we have only focused up to the second order due to high aberrations observed at larger diffraction orders arising due to the spherical nature of phase front at the higher diffraction angles and the fact that they are detected on a flat detector.
Another means of increasing the sensitivity of the proposed sensor is through the distance of the detector from the SiNW arrays. Instead of measuring the change in angle, it is simpler to measure the change in the position of the spot on the camera. As shown in Fig. 6(b) , sensitivity S, is dependent on the position change of the diffraction spot and can be calculated as S ¼ @n=@x ðRIU=mÞ. In this formula, @n is the change of refractive index and @x is the change in position of the mode defined in microns. It should be noted that in the simplest case, the minimum refractive index change that can be resolved is limited to the single pixel change in position registered on the detector. The refractive index resolution will then be the pixel size (in microns) multiplied by S. With the pixel size in the modern HD cameras approaching 1 m, S gives a good indication of the refractive index resolution. The value can be further improved as determined through pixel size by using image processing techniques. Table 2 summarizes the simulated sensitivity values for the first and second diffraction orders from a SiNW array of pitch 750 nm at two different distances between the detector and the chip when the surrounding refractive index changes between 1.33 and 1.34. As mentioned earlier, only up to 2nd order diffraction exists at the pitch of 750 nm. These values would be tested experimentally on the 750 nm pitch array for verification purposes. As it can be seen from the calculations, sensitivities up to 10 −5 can be achieved using the proposed simple setup without the need for additional complex and expensive spectroscopic tools.
While the theoretical prediction of the sensitivity provides a promising basis for highly sensitive sensor design, there are limitations to the level of sensitivities one can achieve experimentally. The SNR is an important factor to begin with. As the detector moves away from the SiNW array, the signal intensity drops and the beam would diverge as we are not using any collimating optics to keep the design simple. In addition, the efficiency of the diffracted patterns at higher orders drops drastically which makes further image processing on the detected image to be nontrivial. An alternative means of achieving high SNR value for a specific diffraction order at a smaller angle is to move the incident beam to an oblique angle that corresponds to the desired diffraction angle. In such case, a similar approach outlined here can be taken to ensure that the sensitivity of the proposed sensor is maximized.
We tested one of the SiNW arrays with pitch of 750 nm for its sensitivity. Cargille fluids with specific refractive indices of 1.33 and 1.34 were used to verify the diffraction pattern divergence change that is registered on a detector screen. The experimental setup is the same as the one shown in Fig. 6(a) . The diffraction pattern is registered on a web-camera without the lens. Fig. 9(a) shows the 1st order diffraction pattern from the 750 nm pitch SiNW array when the surrounding medium refractive index is 1.33. Using image processing algorithms, one can register the center of the diffraction spot and find the relative center and radius of the spot on the detector screen. For demonstration and measurement purposes, in Fig. 9(b) , a cut through the center of the diffraction spot is used. As it can be seen, the center of the spot changes by 684 m, when the refractive index of the surrounding medium is increased by 0.01 as compared to the theoretical value of 1047 m. According to the experiments, for the sample at 4 cm distance, the sensitivity can be calculated to be S ¼ 0:01=684 ¼ 1:5 Â 10 À5 RIU=m. The resultant sensitivity compares well with theory. The measurement error is due to the fact that the liquid sits as a droplet on top of the nanowire array resulting in a lensing effect which, depending on the hydrophobicity or hydrophilicity of the sample, can refract the diffraction spot further or less. Hence, this can result in smaller or larger divergence angles and change the final sensitivity from theory. Nevertheless, the achieved sensitivity compares well with RGB decomposition of microscope images [15] or a spectroscopic measurement [16] in a setup which is much simpler and lower cost.
Similar sensors may also be built with conventional 1-D transmission or reflective gratings. However, according to Bloch's theorem, the 2-D periodic array causes 2-D diffraction pattern which can act as a stand-alone and highly sensitive refractive index sensor without the need to use a spectrometer or complicated optical setups. In addition, the 2-D nature of the grating, allows for polarization independent operation. With a single wavelength source, the sensing system acts similar to a spectrometer that has its grating immersed into the sensing medium. However, the 2-D grating structures allows for various multivariate analyses such as ratio metric intensity measurements between the different orders as well as ratio metric and standalone divergence angle measurements registered on a 2-D imaging array. In addition, by use of different wavelength sources and pulsating through them, one can achieve fast multispectral analysis of a sample medium by use of simple imaging techniques. Such multivariate analysis of a test medium can reveal valuable information such as liquid compositions, presence of biological agents in a host medium, etc.
Conclusion
We have proposed and demonstrated use of highly ordered two dimensional silicon nanowire arrays as simple and low cost but highly sensitive refractive index sensors. Diffraction spots are registered on a camera and sensing is achieved by measuring the change in position of the diffraction spot. Thus, the nanowires act both as the sensing media with a built-in wavelength specific analysis capability. Refractive index sensitivity of better than 1 Â 10 À5 is achieved using the proposed simple setup. We also measured the diffraction efficiency and achieved higher efficiency with increase in the refractive index of the surrounding medium. Ordered two dimensional nanowires would allow for realization of low-cost sensors without the need for external spectroscopic measurements.
